teins in solution. Our view will be a maolecular one and we shall interpret the behavior of proteins in terms of the structure of these milacromolecules anid their interactions with their enviroiinment. It is appropriate, therefore, to summarize briefly at the outset, some of the salient features of the structure of proteini molecules.
Brief Review of Protein Structure
Proteinis are supermolecules made up of small amiino acid building blocks. The chains of amino acids are held together by peptide linkages, each residue contributing about 3.5 A to the length of the chain ( fig. 1 ). As has long been recognized, specificity of proteins must reside ultimately in the particular sequenee of amlino acids in the chains of the supermnolecule. As a result of the magnificent skills of several individuals, sequences (sometimes called the primary structutre) are Inow known completely for 2 proteins, insulin1 and ribonuclease,' 3 and almost completely for several others. The arrangement in insulin is shown in figure 2.
Overwhelmiing evidenlee exists that withini a protein molecule the polypeptide chain does not occur as a stretched-out string of residues. While the basic configurations assumed by the chains are not yet established unequivocally, and certainly must differ among different classes of protein, the best model so far is the a-helix coil suggested by Pauling, Corey Peptide bond (in broken-line circle) bet ween ,9 amino acids, tyrosine (top) (and alaiiine (bottom). Scale in aniigstromi t units is shoucn at left.
in the direction of the axis of the helix. In a helix, furthermore, a given amino acid has as neighbors n-ot onlly the 2 amino acids to which it is attached bv peptide linkages, but also those residues 1 turn in the helix above or below. If these steric relationships were knowl, and as yet they are completely obscure, we would say that the secondary structure of the protein miolecule had been established.
If the basic configuration of the polypeptide is a helical coil, then it is clear from the known dimensions of globular proteins that these helices must be folded over in various configurations so as to be contained, in imost cases, in a volume which is very roughly spherical in shape. Sueh Nevert-heless, even in the absence of detailed structural models, we do have extensive knowledge of the over-all sizes and gross shapes of mnany protein macromolecules. A few of these are shown in figure 5. It is only from these very gross models that we can begin our considerations of the properties of protein molecules.
Interactions of Protein Molecules with Solvent
In any discussion of the behavior of proteins in solution, i.e., of the interactions of these macromolecules with their environment, we recognize that the surfaces shown in figure 5 cannot actually be as smooth as the drawings might imply. If the figure were expanded sufficiently we would be able to visualize the specific side-chains of the individual amino acid residues. A few polar side-chains are shown schematically in figure 6 . Such polar and nonpolar substituents play a vital role in the inlteraction of the macromolecule with its environment.
That the environment of the protein surface is very different from that in the bulk of the solution is evident from the marked differences in the chemical behavior of functional In a protein molecule many nonpolar sidechains exist in juxtaposition. Thus, there could be a "coupling" of the ice-like lattices which are formed around each residue with a consequent strengthening of the resultant hy- 
the same as that of nonpolar hydrates of small molecules, such as those listed in figure 12 . In all cases, lower pH, i.e., increasing acidity, lowers the amount of bound metal ion.
The extent of binding of metal ions by proteins may also be controlled in part by "metal buffers, i.e., complexing and chelating agents with a strong affinity for the cation. These agents thus compete with the protein for the ietal. For example, the binding of zinc ions by serum albumin at pH 6.4 buffers" can be used to control the extent of binding of cations and, hence, the physical or biologic consequences of such binding.
Organic Molecules
Proteins also form complexes with organic ions and molecules. For purposes of illustration, we shall consider just a few complexes of serum albumin. In a sense, this protein is not representative because it binds a great variety of molecules and ions whereas one usually emphasizes the high specificity of the interactions of proteins, e.g., enzymes or antibodies. We shall not discuss the molecular interpretations of such specificity. It should be pointed out, however, that serum albumin also shows remarkable discriminatory properties. A most striking illustration occurs with tryptophan ( fig. 13) It is also possible to increase the uptake of organic molecules and ions by a variety of stratagems, 2 of which will be mentioned here.
A molecule such as pyridine-2-azo-p-dimethylaniline (I) is not, by itself, bound appreciably by proteins. However, if very small amounts of metal, e.g., Zn++ are added to the solution, very substantial binding of (I) follows ( fig. 16 ). As figure 5 which is based on x-ray data.
wide spectrum of proteius with which nucleic acid complexes are formed shows the absence of any specificity in these combinations. Theoretical calculations35 also lead to the conclusion that electrostatic attraction can account quantitatively for the strength of association. In contrast to these nonspecific complexes, one may cite the highly specific complexes between nucleic acid and protein which are exemplified in the viruses. These combinations lead to special supermolecular structures, with characteristic arrangements of constituent macromolecules. A model for tobacco mosaic virus36' 36a, 36b iS showin in figure 22. This supermolecule, with a nlolecular weight of about 40,000,000, has an over-all shape of a long thin rod, 3,000 A in length and 170 A in width. It is composed of about 5 per cent ribonucleic acid and 95 per cent protein. The association, however, is hardly the random type found in the complexes described in the preceding paragraph. The nucleic acid seemiis to be a single strand winding its wvay through the rod in a helical fashion. In contrast, the protein componeiit seemlls to be present in subunits which have a molecular weight of about 17,000. These subunits envelop the coiled strand of nlueleic acid by winding around it, also in a helical array.
There are other rod-shaped viruses with structures similar to that of tobacco mosaic virus. Many small viruses, however, are quite different in structure, being spherical in shape (for example, turnip yellow virus, fig. S ).
Again, interactioni between niucleic acid and protein leads to a very specific structure, but with the nucleic acid in the core of the spherical supermolecule anil protein subunits arranged symmetrieally in an outer tbick shell. 
